Previous analysis of germline mutation at highly unstable GC-rich minisatellites with continuous allele size distributions revealed similar meiotic recombinational mechanisms operating at all loci investigated. The insulin minisatellite has been studied intensively due to its associations with diabetes, polycystic ovary syndrome, obesity and birth size. Its bimodal allele size distribution in Caucasians suggests a much lower mutation rate and possible differences in the mutation process compared with highly unstable minisatellites. Mutation at the insulin minisatellite therefore was studied both indirectly from allele diversity surveys and directly by recovering de novo mutants from sperm DNA. Structural analysis of variant repeat distributions in 876 alleles identified 189 different alleles, almost all of which could be assigned to one of three very distinct lineages. Variation within a lineage was minor and due mainly to the gain or loss of one or a few repeat units. These events most probably arise by mitotic replication slippage at a frequency of perhaps 10 -3 per gamete. Sperm DNA analysis revealed a second class of mutation occurring at a frequency of ∼2 × 10 -5 that involved highly complex intra-and inter-allelic rearrangements very similar to those seen at unstable minisatellites. These complex rearrangements were not seen in somatic DNA and are probably meiotic in origin. Minisatellite homozygosity did not reduce the frequency of these mutants in sperm. The insulin minisatellite therefore appears to evolve by two distinct processes: one involving slippage-like events and the second resulting in complex recombinational turnover of allele structure.
INTRODUCTION
Minisatellites include some of the most polymorphic loci in the human genome and show variation both in the number of tandem repeats and in the interspersion patterns of variant repeats within alleles. Analysis of variant repeat distribution, usually by minisatellite variant repeat mapping by PCR (MVR-PCR) (1) , allows allele structures to be compared from which indirect inferences can be drawn about the types of mutational mechanism that might generate population variability. Mutation processes can also be explored directly by characterizing de novo mutants detected either in families or in sperm.
Minisatellite mutation has been previously analysed directly in sperm at the highly variable human loci MS205, MS32, B6.7 and CEB1 (2) (3) (4) (5) . These GC-rich loci all have high mutation rates to new length alleles in the male germline (0.4-13% per sperm) and show extreme population variability, with continuous allele size distributions and heterozygosities of >98%. Similar mutation processes operate at all of these loci, resulting either in intra-allelic rearrangements or in conversionlike transfers of repeats between alleles. Both types of rearrangement often are complex. Conversions frequently show polarity towards one end of the repeat array, with repeat transfers usually occurring in-register between alleles, suggesting an allele pairing function in DNA flanking the unstable end of the repeat array. The recombinational nature and germline specificity of these mutations, together with the discovery that at least two of these loci are also very active in meiotic crossover (6; J. Buard and A.J. Jeffreys, unpublished data), strongly suggest that almost all mutations at these minisatellites arise at meiosis by aberrant processing of recombination initiation complexes. It is not known whether this recombinational instability is driven by allele heterozygosity. Mismatches in length and repeat array sequence between interacting alleles may serve to trigger the abortion of recombination initiation complexes and instead result in complex rearrangements without crossover. The rarity of homozygotes at unstable minisatellites has prevented this question from being addressed. In contrast to germline instability at hypervariable loci, somatic mutations occur far less frequently and involve simple intra-allelic deletions and duplications presumably arising through polymerase slippage or unequal sister chromatid exchange (7) .
Although unstable minisatellites mutate by a similar recombinational process, it is unclear whether the same mechanism operates at all human minisatellites, including the majority of loci which display much lower allele length variabilities [typically 70-80% heterozygosity, implying germline mutation rates of perhaps 3-5 × 10 -5 per gamete (8, 9) ]. These low variability loci often show discontinuous allele length distributions presumably resulting from genetic drift enhanced by low mutation rates, and possibly coupled with mutation processes exhibiting an inherent bias towards specific allele lengths and even selection for certain allele sizes. In Caucasian populations, bimodal allele size distributions are seen at the insulin minisatellite (10) and at D2S44 (11) , whereas D19S20 (12) and MS51 (D11S97) (13) display trimodal size distributions (unpublished data). MVR-PCR at D2S44 (11) , D19S20 and MS51 (unpublished data) demonstrated that each allele size class was derived largely from a different ancestral lineage. Population diversity analysis of the Harvey-ras1 (HRAS1) minisatellite revealed evidence for repeat transfers between alleles, suggesting that conversions do occur at this relatively stable locus, though at an unknown frequency (14) .
The insulin GC-rich minisatellite has been the subject of intensive analysis due to its association with type 1 diabetes (15), type 2 diabetes (16), polycystic ovary syndrome (17) , adult obesity (18) and infant birth size (19) . These associations may result from the influence of the minisatellite on transcriptional regulation of the insulin gene (INS) and the gene for insulin-like growth factor II (IGF2) (20) . It has a bimodal size distribution in Caucasians with small class I alleles (28-44 repeats) and large class III alleles (138-159 repeats) at frequencies of ∼70 and ∼30%, respectively (10) . Class II alleles of intermediate size are rare in Caucasian populations. This bimodal size distribution, combined with strong linkage disequilibrium surrounding the minisatellite (21) , suggests that mutation processes operating at this locus may be fundamentally different from those observed at more unstable minisatellites. To gain further insights into allele diversity and germline mutation processes at the insulin minisatellite, we have developed an MVR-PCR system capable of mapping the majority (>90%) of repeat variants at this locus and have used this system to characterize allele variability in Caucasians and the structural basis of mutation in sperm.
RESULTS

Allele mapping by MVR-PCR
Variant repeat distributions within insulin minisatellite alleles have been typed previously by sequence analysis of relatively few alleles (for a review see ref. 22 ). Eleven variant repeats named a-j based on the 14 bp consensus, ACAGG-GGTGTGGGG, were identified in Caucasian alleles (23, 24) . We developed an MVR-PCR system using seven MVR-specific primers to detect the six most common variant repeats (a-f) plus the h-type repeat due to its putative role as a transcriptional enhancer (25) (Table 1) . To maximize PCR specificity, the register of the repeat unit was redefined, resulting in the gain of a 5′ repeat and loss of a 3′ repeat when compared with previous allele structures. There are inconsistencies in the literature over definitions of variant repeat unit sequences (23, 25, 26) . We therefore used the original repeat unit definition as a guide to variant identification (see Table 2 in ref. 23 ) and named repeats with upper case letters to distinguish them from previous definitions (Table 1) . Alleles initially were typed using the INS-MD primer which detects both D and F repeat variants, and not with INS-MF which detects only F repeats. Further analysis of 36 alleles with the discriminating INS-MF MVR primer demonstrated that all 166 variant repeats detected in these alleles by INS-MD had the sequence of F-type repeats.
Allele variability at the insulin minisatellite
As part of a parallel study to investigate the effects of insulin minisatellite allele structure on susceptibility to type 1 diabetes (unpublished data), we typed >50 000 repeats in 876 alleles from the parents of 219 Caucasian UK-based type 1 diabetic affected sib pair families. A full list of MVR-PCR allele codes is available at: http://www.le.ac.uk/genetics/ajj/insulin . Class I alleles are associated with predisposition to type 1 diabetes, whereas class III alleles are associated with protection against type 1 diabetes (10). This choice of sample population therefore resulted in some enrichment for class I alleles, with 704 (80%) and 164 (19%) alleles of class I and class III sizes, respectively. It is unlikely that this pre-selection resulted in a qualitative difference between alleles typed in these families compared with the general population since all parental alleles whether transmitted or not transmitted to affected offspring were analysed, and the relative risk to sibs of type 1 diabetic patients conferred by the insulin minisatellite is low (λs = 1.25) (27) .
MVR-PCR analysis revealed 189 different alleles over 39 size classes. Allele nomenclature reflects allele group, repeat number and a further discriminator (e.g. allele R42.1 is the first allele of (Fig. 1A) . These subgroups were also clearly detectable by visual inspection of MVR codes. Allele diversity revealed by MVR-PCR was used to estimate germline mutation rates from Ewens' distribution (29) ( Table 2) .
Overall diversity suggested a mutation rate of ∼10 -3 per gamete, though the assumptions of an infinite allele model, mutation drift equilibrium and absence of selection are all dubious for this locus. Class III alleles tended to be more diverse than class I, though further subdivision into class IC, ID, IIIA and IIIB alleles showed no consistent relationship between allele length and estimated mutation rate, which varied substantially between allele classes ( Table 2) .
Patterns of variation in the insulin minisatellite
Patterns of variation among aligned alleles in a given lineage give clues about mutation processes (Fig. 1) . Most variation was due to small deletions or duplications of repeats, mainly within uninterrupted arrays of 3-11 consecutive A-type repeats. For the smaller A n arrays (3-5 repeats), most changes involved the gain or loss of a single A repeat. There were also less frequent instances of switches of repeat type between alleles without any apparent change in repeat copy number. Some alleles contained higher order repeat motifs, e.g. the ABABAB motif present at the 3′ end of many class I alleles, suggesting that repeat turnover can occur at levels larger than a single repeat.
Although most differences between aligned alleles could be explained by small and simple rearrangements, there was also evidence for more complex turnover. Allele IIIB128.1 shows a deletion relative to other class IIIB alleles plus a 20 repeat motif at the site of deletion not present in any other allele typed (Fig. 1A) . Similarly, the class II-sized allele IC60.1 aligned with class IC alleles but showed a complex triplication at the 3′ end of the array, doubling allele size (Fig. 1B) . The largest allele detected, R213.1, was identical to many class IIIB alleles at the 5′ end but matched the class IIIA allele IIIA149.4 at the 3′ end (Fig. 1B) , with complex repeat duplications separating these regions of MVR identity. Upstream of the minisatellite, this allele is linked to a tyrosine hydroxylase microsatellite variant commonly associated with class IIIA haplotypes (21; unpublished data), suggesting that R213.1 was produced by an inter-allelic conversion-like event between a class IIIA and IIIB allele accompanied by a complex rearrangement at the conversion junction, as frequently occurs during mutation at unstable minisatellites. Further evidence for inter-allelic transfer comes from allele R44.1 which is similar to the class IC allele IC38.3 except for the insertion of an F-type repeat 14 repeats from the 3′ end of the array (Fig. 1B) . Most class IIIA alleles also contain an F-type repeat at this position, suggesting that R44.1 was produced by an in-register gene conversion-like transfer from an IIIA to an IC allele. However, major differences in repeat composition between lineages, e.g. E-type repeats present in class III but not class I alleles and H-type repeats restricted to IIIA alleles, suggest that such inter-allelic transfers can only occur at very low frequency.
Detection of de novo mutants
The low germline mutation rate at the insulin minisatellite estimated from the allele diversity survey precluded mutation detection either in families or by small pool PCR analysis of sperm DNA (3). Sperm mutants were therefore recovered by restriction digestion of sperm DNA with HinfI which cleaves outside the repeat array, followed by electrophoresis to recover size fractions enriched in mutants and depleted in progenitor molecules; mutants were then recovered from each of these fractions by single molecule PCR (7) (see Materials and Methods). Given the small size of the minisatellite repeat, we focused on mutants derived from the smaller class I alleles rather than class III alleles. Mutants gaining or losing three or more repeats could be recovered quantitatively, whereas ±1 repeat changes were almost completely lost in the progenitor allele fractions. Mutants selected to contain between 1 and 110 repeats were analysed in sperm DNA from three non-diabetic Caucasian donors who between them contained the three most common alleles seen in Caucasians. Donor 1 was a ID/IIIA heterozygote (ID40.2/IIIA152.2), donor 2 a ID/IIIB heterozygote (ID42.4/ IIIB145.1) and donor 3 a ID/ID homozygote with both alleles identical in size and MVR code (ID44.1/ID44.1) (Fig. 1A ). Mutants were also analysed in blood DNA of donor 1. Examples of size-validated mutants detected by this approach are shown in Figure 2 . The structures of all mutants were determined subsequently by MVR-PCR. A full list of mutant allele MVR codes is available at: http://www.le.ac.uk/genetics/ajj/insulin . In class I/III heterozygotes, the majority of mutants were derived from the class I allele, with only 8% derived by deletion of the class III allele (data not shown).
Mutation rates of class I alleles were determined for changes of at least three repeats from surveys of 1.3-2.6 × 10 6 progenitor DNA molecules per sperm or blood sample (Table 3) . Deletions occurred at a similar frequency of 4-8 × 10 -6 in sperm and blood. In contrast, expansions were far more common in sperm (8-24 × 10 -6 in sperm versus 1 × 10 -6 in blood). Overall sperm mutation rates were similar in all three men tested, including the class I homozygote. Most sperm mutants were similar in size to the class I progenitor, with 86% of mutants involving length changes of 20 repeats or less. There were, however, some very large mutations. For example, a 15 repeat sperm mutant detected in donor 1 arose by simple deletion of >90% of the 152 repeat class III progenitor allele, whereas an expansion of the 44 repeat progenitor in donor 3 more than doubled allele length to 109 repeats. Class I and class III allele sizes therefore can be interchanged by a single mutational step. Major expansions were investigated further in sperm from the class I homozygous donor by screening 15 × 10 6 progenitor molecules for expansions of 40-200 repeats; of the additional mutants detected, none had gained more than 65 repeats, suggesting that there is a ceiling to allele expansion.
Mutation processes in the soma
Almost all mutants in blood arose from a simple intra-allelic deletion or duplication of a contiguous block of repeats located apparently at random in the progenitor allele (Fig. 3) . The nomenclature of mutants reflects the donor and tissue of origin, repeat number and a further discriminator (e.g. mutant B1-38.2 is the second mutant of 38 repeats identified from blood DNA of donor 1). One mutant (B1-38.2) was seen three times, Table 2 . Allelic variability at the insulin minisatellite in Caucasians Germline mutation rates were estimated from Ewens' distribution, where the expected number of different alleles defined by MVR structure, n a , in a sample of n alleles of a given class is given by n a = ; θ = 4N e fµ, where N e is the effective population size for Caucasians, assumed to be 20 000, f is the proportion of all alleles that belong to the class being tested, and µ is the mutation rate. 
suggesting somatic mosaicism for this mutant. Only one mutant (B1-75.1) was more complex, with a triplication plus deletion within one triplicated unit. None of the class I blood mutants recovered from the I/IIIA heterozygote showed any evidence for gaining repeats from the class III allele.
Deletion processes in the germline
Deletion mutants in sperm were similar to those seen in blood, arising primarily by simple intra-allelic deletion. All sperm samples also showed evidence of mutational mosaicism (Table   3 , Fig. 4) , indicating that at least some of these deletions arose pre-meiotically. This was particularly noticeable for deletions of two repeats which were relatively common in both blood and sperm but whose frequency could not be estimated readily given partial loss of such mutants in progenitor allele fractions. Curiously, all three sperm samples were mosaic for the same two-repeat deletion in a CAC motif 12-14 repeats from the beginning of the allele, suggesting that this motif may serve as a mitotic deletion hotspot. In two of the men, about half of these deletions were associated with an additional rearrangement, namely an identical single repeat switch (AFACA→AFAFA) close to the 3′ end of the deletion, raising the possibility that both classes of mutant (two-repeat deletion with or without distal repeat switch) may have originated from the same mitotic mutation event. One possible explanation is that these mutants arose by unequal crossover between sister chromatids misaligned by two repeats. Branch migration of the initial Holliday junction could then create heteroduplex DNA including a C/F mismatched repeat exactly at the site of where half of the mutants show a C→F switch. If this heteroduplex site escapes mismatch repair before DNA replication, then these two repeat types will segregate into daughter germline stem cells which could then proliferate to give rise to the observed mosaicism for two different mutants of common origin. However, the reciprocal two-repeat gain mutant(s) predicted from sister chromatid exchange was detected only once (S1-42.1; data not shown), though such small gains are difficult to detect. An alternative explanation is therefore a two repeat slip within a single allele which could also create the necessary precursor heteroduplex for generating two mutant types.
Expansion processes in the germline
Only a minority of sperm length-gain mutants (36%) showed simple and perfect intra-allelic duplications or triplications similar to those seen in blood (data not shown). Most duplication units were relatively small (2-10 repeats), with the largest duplication seen involving 21 repeats. Three expansions (a duplication in donor 2, and a duplication and triplication in donor 3) showed evidence of mosaicism, suggesting a pre-meiotic component to gain mutation. All 45 remaining mutants showed more complex rearrangements (Fig. 5) . All of these complex expansions were different, consistent with a meiotic origin, and were on average larger than the products of simple duplication. For the I/III heterozygous sperm donors, ∼55% of these expansions appeared to involve rearrangements restricted to a single allele, though the possibility of transfers of short repeat segments between alleles could not be excluded. The largest expansion seen, in mutant S3-109.1, arose by an imperfect duplication of almost the entire length of the allele together with a reduplication of the 3′ end of the allele. In some cases, these apparently intra-allelic rearrangements can be very complex, e.g. mutant S3-93.1 where the centre of the allele has been profoundly remodelled in a single but multi-step mutation event.
The remaining 45% of complex expansions showed evidence, in some cases definitive, for repeat transfer between alleles (Fig.   5 ). For example, mutant S1-51.1 shows the transfer of an EAAA motif from the class III to the class I allele which is devoid of Etype repeats. The transfer is in-register between alleles paired at their 3′ ends, and appears to have been accompanied by an additional complex duplication of the junction between donor and recipient alleles generating two EAAAC motifs at the site of gene conversion. In some cases, e.g. mutant S2-51.1, the inserted segment does not contain repeat types unique to the donor allele but nevertheless does align perfectly in-register with the donor, again strongly suggesting in-register transfer from class III to class I alleles. With the exception of mutant S2-48.5, all such putative inter-allelic conversions involved alleles paired at the 3′ end nearest the insulin gene.
The positioning of sperm rearrangements was analysed further by locating breakpoints along mutant alleles (Fig. 6) . Breakpoints for simple duplications and complex rearrangements were distributed similarly along alleles, with little evidence for clustering other than avoidance of the 5′ end of the repeat array which shows constancy over virtually all minisatellite alleles (Fig.  1 ). This 5′ avoidance was less evident for deletion mutations.
Finally, sperm mutants recovered from the class I homozygous man showed a range of expansions similar to those seen in the class I/III heterozygotes, with 56% of length-gain mutants showing complex or very complex rearrangements. Although it is impossible to detect inter-allelic transfers in a homozygote, the frequency and spectrum of mutation in this man suggest that homozygosity has had no obvious influence on either the sperm mutation rate or the process.
DISCUSSION
Previous analyses of insulin minisatellite variability, including studies on association with diabetes, polycystic ovary syndrome, adult obesity and birth size, have focused almost exclusively on allele length variation and neighbouring single nucleotide polymorphisms (17) (18) (19) 22) . As a result, little was known about the level of structural and lineage diversity at this locus. We therefore developed a multi-state MVR system to determine allele structure. The level of variability in Caucasians so revealed is considerably higher than previously detected by allele length analysis due in part to size homoplasy (189 different alleles were defined by MVR code, compared with 39 alleles defined by size) and in part to the difficulty in resolving class III alleles of similar lengths without MVR analysis.
In Caucasians, virtually all alleles fall into three distinct lineages of alignable alleles which correspond to the bimodal allele length distribution and further divide the larger class III alleles into two very distinct lineages, IIIA and IIIB. Thus, whereas the insulin minisatellite shows substantial polymorphism, the underlying lineage diversity in Caucasians is severely restricted. A similar restricted set of lineages in Caucasians has been seen at minisatellite MS205, compared with greater lineage diversity in particular in African populations, consistent with a recent African origin for modern humans (30) . Almost no information exists on insulin minisatellite diversity in non-Caucasians, though the lack of similarity of the previously published allele λHI-4 of AfricanAmerican origin (31) to any Caucasian allele suggests that other populations may show different or additional allele lineages. More extensive MVR surveys are needed to determine whether restricted lineage diversity is specific to Caucasians, reflecting a bottleneck in the founding of Caucasian populations, or is Structures of deletion mutants detected in sperm. These class I mutants were detected in sperm DNA from donor 1 and named as described in Figure 3 . Note that the mosaic mutants S1-38.2 and S1-38.6 share the same deletion but differ in a C/F repeat switch seven repeats 3′ to the deletion. Allele ID41.1 detected in Caucasians (Fig. 1A) shows evidence of similar C/F repeat switching.
common to non-African populations as predicted by the Out-ofAfrica hypothesis, or instead is universal in all populations and was established prior to the diversification of all modern humans.
The ability to align allele structures allows, in principle, the subdivision of allele lineages and the construction of allele phylogenies. Visual inspection and multi-dimensional scaling analysis both indicated some degree of structuring within insulin minisatellite lineages. For example, 15 of the 126 class IIIA alleles share a similar additional 10-11 repeat motif (class IIIAii) (Fig. 1A) , suggesting that these alleles form a single monophyletic sublineage. However, many of the more subtle character states frequently show evidence of homoplasy (e.g. class IC, ID and IIIA alleles all terminate in a polymorphism for two or three B-type repeats) and, in the absence of an explicit mutation model that can define the relative rates and reversibility of different types of mutation, allele alignments cannot be used to derive meaningful phylogenies.
We used allele diversity at the insulin minisatellite to estimate the germline mutation rate at~9 × 10 -4 per gamete, though this estimate varies substantially between lineages, from 1.9 × 10 -4 for class ID alleles to 63 × 10 -4 for class IIIA alleles (Table 2) . Such estimates need to be treated with caution given the likelihood of selection acting at this locus plus the potential for departure from mutation-drift equilibrium, in particular if there has been a major bottleneck in Caucasians. Parallel changes, in particular in the short class I alleles, will also lead to underestimation of mutation rates through invalidation of the infinite allele model. Parallel changes do indeed occur, as shown by some sperm mutants having structures identical to alleles detected in the Caucasian survey (mutant S1-38.2 is identical to allele ID38.3, as are S2-40.1/ID40.1 and S3-42.1/ID42.1; data not shown). Nevertheless, class I mutation rates determined in sperm (0.14-0.3 × 10 -4 ) ( Table 3) are much lower than estimated from population data. This discrepancy is almost certainly due to the difficulty of detecting changes of 1-2 repeats that are likely to dominate mutation. Indeed, two-repeat changes were detected in all sperm samples tested, and in one case were present at a frequency possibly as high as 10 -4 per sperm as a result of mutational mosaicism. It is also possible that mutation in the female germline may be a major contributor to allele diversity and that such mutants may be detectable in families by careful allele length analysis, in particular of class III alleles.
The major mode of germline mutation at the insulin minisatellite revealed from the allele diversity study involves insertions and deletions of 1-2 repeats, occurring preferentially within homogeneous stretches of A-type repeats. This stepwise mode of mutation will minimize allele length diversification and help to maintain the bimodal allele length distribution seen at the insulin minisatellite. This mutation process is reminiscent of microsatellite instability being facilitated by homogeneous repeat arrays (32) (33) (34) , and suggests that polymerase slippage may play an important role in mutation at the insulin minisatellite. Polymerase slippage could possibly be promoted by the formation of unusual DNA conformations such as hairpin G-quartet structures, which in vitro form most readily within arrays of A-type repeats (35) . Although such small events are likely to arise during the mitotic stages of germ cell development, a meiotic component to such instability cannot be excluded, in particular as intra-allelic meiotic mutation at the highly unstable minisatellite CEB1 has been shown to cluster within homogeneous repeat regions (5) .
The allele diversity study also revealed evidence for a second much less frequent mode of mutation involving complex rearrangements, such as imperfect duplications, reshuffling of repeats and the transfer of information between alleles by a gene conversion-like process. The existence of such a low frequency mutation pathway was proved directly by mutation analysis of class I alleles in sperm. Given the fact that at least some of these mutation events are recombinational in nature, and, further, that none of these mutations show mosaicism in sperm, these complex rearrangements are most likely to be the result of aberrant meiotic recombination within the repeat array. A meiotic origin is supported further by the absence of highly complex mutations in the somatic (blood) DNA analysed. This complex mutation pathway is strikingly similar to that observed at highly unstable minisatellites with much higher mutation rates (2) (3) (4) (5) , and suggests that meiotic repeat instability is not restricted to the most unstable loci but may instead be a general feature of GC-rich minisatellites. There is growing evidence that minisatellite instability is modulated by DNA flanking the repeat array (6, 36, 37) that, in one case at least, provides a meiotic recombination hotspot that appears to drive repeat instability at one end of the array (6, 37) . Although polarity of mutation in the insulin minisatellite is weak, the inregister transfers seen between alleles paired at their 3′ ends do point to a possible pairing function in DNA downstream of the minisatellite towards the insulin gene itself and therefore the possible existence of an, albeit weak, recombinational promoter of minisatellite mutation in this region.
Finally, the recombinational nature of minisatellite mutation raises the possibility that these complex turnover events are triggered in heterozygotes either by a difference between allele lengths or by heteroduplex DNA forming on strand invasion between alleles (38, 39) . The existence of insulin minisatellite alleles with a significant population frequency allowed sperm instability to be determined directly in a man homozygous for alleles of identical length and structure. Ironically, this man showed the highest sperm mutation rate of the three individuals tested, with no significant change in the spectrum and complexity of mutation. It therefore appears that allele length imbalance does not promote mutation and that complex repeat turnover can arise even between alleles that show no repeat differences when aligned at their 3′ ends.
In conclusion, MVR-PCR analysis at the insulin minisatellite has provided new insights into lineages present in Caucasians, and has the potential to define further the relationship between minisatellite variation and diabetes risk (unpublished data). It has also demonstrated two distinct modes of germline instability, the major one involving simple stepwise mutations reminiscent of microsatellite instability, and the minor one (which nevertheless plays an important role in the generation of allele diversity) involving complex recombinational mechanisms as seen for other more unstable GC-rich minisatellites.
MATERIALS AND METHODS
PCR primers
Primers flanking the minisatellite were:
INS-1296, 5′-CTG CTG AGG ACT TGC TGC TTG-3′; MINS-A, 5′-TGC CGC CAC CCC CAG ATC A-3′; MINS-B, 5′-GGC CAG ACC TGT CCC TGC T-3′; and MINS-C, 5′-GGG GCA AAT GTC TCC AGG AGA-3′. Allele-specific primers were:
INS-23+, 5′-CAG AAG GAC AGT GAT CTG GGT-3′; and INS-23-, 5′-CAG AAG GAC AGT GAT CTG GGA-3′. MVR-PCR primers were as follows, with the 5′ TAG extension indicated in lower case:
INS-MA, 5′-tca tgc gtc cat ggt ccg gaA CCC CTG TCC CCA C-3′; INS-MB, 5′-tca tgc gtc cat ggt ccg gaA CCC CTG TCC CCA GG-3′; INS-MC, 5′-tca tgc gtc cat ggt ccg gaA CCC CTG TCC CCA G-3′; Figure 6 . Distribution of sperm mutation breakpoints in class I alleles. Distributions are shown for deletions, simple duplications, all complex expansions and inter-allelic conversions. Alignment of class I progenitor alleles allowed data to be combined for all three sperm donors, except for conversions which were combined for individuals 1 and 2 only. Breakpoints were determined by aligning each mutant with the progenitor class I allele to determine the location of the end of the region of 5′ MVR identity between mutant and progenitor, and the position of the beginning of the region of 3′ MVR identity; the breakpoint was defined as the mean of these two positions. Each set of identical mosaic mutants is treated as a single event.
INS-MD, 5′-tca tgc gtc cat ggt ccg gaA CCC CTG TCC CCG G-3′; INS-ME, 5′-tca tgc gtc cat ggt ccg gaA CCC CTA TCC CCA C-3′; INS-MF, 5′-tca tgc gtc cat ggt ccg gaA CCC CTG TCC CCG GG-3′;
INS-MH, 5′-tca tgc gtc cat ggt ccg gaA CCC CTG TGC CCA C-3′. The reverse MVR-PCR primer used was INS-MER, 5′-ctg ctg agg act tgc tgc ttg CAG GGG TGT GGG GAT-3′, where the 5′ INS-1296 sequence is indicated in lower case.
DNA source
DNA from the population of type 1 diabetic-affected sib pair families was derived from Epstein-Barr virus-transformed cell lines from the British Diabetic Association-Warren Repository (Porton Down, UK). Clinical criteria for diabetics were as defined (40) .
Amplification of insulin minisatellite alleles
Allele sizes were determined initially by amplification of 20 ng of genomic DNA in 10 µl reactions using the buffer described previously (41) Alleles were separated prior to MVR-PCR typing. Alleles from -23 HphI heterozygotes were separated by allele-specific PCR as described above. Amplified class I and class III alleles were diluted 500-and 100-fold, respectively, in dilution buffer (5 mM Tris-HCl pH 7.5, 5 µg/ml herring sperm DNA) prior to MVR-PCR typing. Alleles from -23 HphI homozygotes were separated by amplification of alleles with primers INS-1296 plus INS-23+ or INS-23-as above for 32 cycles. Amplified alleles were electrophoresed through a 40 cm long 1% agarose gel, visualized by ethidium bromide staining using a Dark Reader (Clare Chemical Research, Ross on Wye, UK) to prevent UV damage and excised from the gel. Class I alleles were released from the gel by adding 50 µl of dilution buffer and freezingthawing-vortexing three times. Each supernatant was diluted 1000-fold in dilution buffer. Class III alleles were gel purified using the Qiaex II gel purification kit (Qiagen, Dorking, UK) according to the manufacturer's instructions and diluted 100-fold in dilution buffer.
MVR-PCR mapping of separated alleles
MVR-PCR was performed in 7 µl reactions using 1 µl (∼0. INS-MF was used to type only a subset of alleles. PCRs were cycled at 96°C for 40 s, 58°C for 30 s and 70°C for 2 min for eight cycles followed by 96°C for 40 s, 65°C for 30 s and 70°C for 2 min for 12 cycles. Amplified DNA was electrophoresed through a 40 cm long 1.5% LE agarose gel at 3 V/cm for 18 h and detected by Southern blot hybridization. The MVR system is very sensitive to input DNA concentration, so a test MVR of each allele using only INS-MA was performed initially and input DNA subsequently diluted according to signal strength and quality.
Determination of complete structures of class III alleles
MVR-PCR of class III alleles, as described above, could only accurately type the first ∼100 repeats in the array. The remainder of the allele was typed by creating deletion amplicons covering the 3′ end of the array. Reverse MVR was performed in 10 µl reactions with 0.4 µM primers INS-23-and INS-MER for one cycle at 96°C for 40 s, 60°C for 30 s and 70°C for 2 min followed by 26 cycles at 96°C for 40 s, 65°C for 30 s and 70°C for 2 min. INS-MER is a composite primer with the 3′ sequence specific to E-type repeats and the 5′ sequence identical to INS-1296. PCR generated a population of amplicons starting with the INS-1296 primer sequence and extending from each E-type repeat to the 3′ flanking site. Amplicons were separated by electrophoresis through a 1% LE agarose gel in the presence of ethidium bromide, and the DNA of 1-2 appropriate amplicons (depending on allele size) was gel purified, diluted and MVR mapped as before. Full allele codes were assembled from overlapping codes generated from the whole allele and each deletion amplicon.
Detection of mutants
Mutants were recovered by a modification of procedures described (7) . Blood and sperm DNAs were prepared as described previously under conditions designed to minimize the risk of contamination (3, 41) . A 70 µg aliquot of each DNA was digested with HinfI, which cleaves 255 bp 5′ and 144 bp 3′ to the insulin minisatellite, and electrophoresed through a 40 cm long 1% LE agarose gel in 1× TBE buffer at 4 V/cm for 15 h in the presence of ethidium bromide. Thirty gel slices spanning 0.5-2 kb and covering the position of the class I progenitor allele (1.0 kb) were excised on a Dark Reader, and DNA from each slice was recovered by electroelution. Fraction size ranges were determined by agarose gel electrophoresis of an aliquot of each fraction. The purity of each fraction was estimated by PCR amplification of 1/40 of each fraction in the modified PCR buffer described above, using 0.2 µM flanking primers MINS-A and MINS-B, at 96°C for 20 s, 58°C for 30 s and 70°C for 3 min for 17 cycles, followed by Southern blot hybridization of PCR products and comparison of hybridization intensity with corresponding PCR products from a dilution series of unfractionated genomic DNA. The progenitor allele was limited to 3-5 adjacent fractions, and other fractions were depleted at least 100-fold in progenitor allele. The number of amplifiable progenitor molecules was determined by pooling progenitor fractions and subjecting limiting dilutions of this pool to Poisson analysis (90 PCRs each containing 0.5-1.5 molecules per PCR, amplified as above for 28 cycles), and gave yields of 50-60% after gel fractionation. Mutants in non-progenitor fractions were detected by PCR amplification, as above for 24 cycles, of multiple aliquots of each fraction containing at most 200 progenitor molecules per PCR. Mutants were purified by electrophoresis of PCR products through a 40 cm long 1% agarose gel; 3-5 gel slices spanning the expected location of the mutant were excised, DNA recovered by freeze-thaw, reamplified as above for 24 cycles using the nested flanking primers INS-1296 and MINS-C and amplified mutants purified by electrophoresis, with visualization with ethidium bromide and excision from the gel. Purified mutants were MVR mapped as above.
The use of multiple size fractions allowed genuine mutants to be distinguished from PCR artefacts. These fractions typically covered a four-repeat range for fractions close to the progenitor, and were up to 15 repeats wide for the largest fractions. The survey of one blood and three sperm DNAs yielded 158 mutants plus 37 artefacts (20 gains and 17 deletions) of hybridization intensity similar to authentic mutants; these artefacts were distributed evenly across all four samples. In almost all cases, the artefacts deviated substantially in size from that predicted from the fraction, in most cases lying 5-35 repeats outside the permissible size window. All artefacts resulted from a simple, perfect duplication or deletion of a contiguous block of repeats in one allele, as shown by MVR mapping (data not shown), and presumably arose by a slippage event during the first cycle of PCR. PCR artefacts are therefore structurally distinct from the majority of sperm mutants showing complex rearrangements.
